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A shut-down procedure for an electricity delivery system
comprising a fuel cell, the cell being fed with pure oxygen as
oxidant and delivering an electrical voltage to an electrical
power line. The electricity delivery system comprises a fuel
gas circuit on the anode side, and a pure oxygen circuit on the
cathode side. The shut-down procedure comprises the steps
of an initial step during which the oxygen gas feed is inter-
rupted, and an electrical consumption phase during which a
hold current is drawn from the fuel cell until the pressure in
the oxygen circuit reaches the water vapor pressure.
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FUEL CELL SHUT-DOWN PROCEDURE
INCLUDING VAPORIZATION PHASE

RELATED APPLICATIONS

This application claims priority of French application no.
07/04258 filed Jun. 15, 2007, the content of which is hereby
incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to fuel cells, especially to
automotive applications of fuel cells.

BACKGROUND OF THE INVENTION

It is known that fuel cells allow electrical energy to be
produced directly by an electrochemical oxidation-reduction
reaction from hydrogen (the fuel) and oxygen (the oxidant),
without conversion to mechanical energy taking place. This
technology seems promising, especially for automotive
applications. A fuel cell generally comprises a series of indi-
vidual elements, each of which essentially consists of an
anode and a cathode separated by a polymer membrane that
allows ions to pass from the anode to the cathode.

As regards the fuel, either there is a hydrogen supply avail-
able or hydrogen is produced necessarily close to the fuel cell
by means of a reformer which is itself fed for example with a
hydrocarbon. As regards the oxidant, either the fuel cell is fed
with compressed atmospheric air, and the excess gas in which
the proportion of oxygen has decreased is discharged down-
stream of the fuel cell, or the fuel cell is fed with pure oxygen.
The latter solution has a number of advantages, especially a
more dynamic response of the cell to a current demand, this
being particularly advantageous in the case of applications in
transport vehicles, such as motor vehicles, which are known
to impose particularly intermittent operating conditions,
unlike in stationary applications. We should also mention, as
advantages of a fuel cell being fed with pure oxygen, that the
efficiency and power density are better and that there is no
contamination by pollutants contained in the

However, in this case, the shut-down of the cell is not
immediate as the system cannot profit from the asphyxiating
effect of the nitrogen present in air. The electrochemical
reaction cannot be completely interrupted by simply shutting
off the fuel and oxidant feed valves. This is because the
amount of oxygen and hydrogen remaining trapped within
the respective channels of the fuel cell is sufficient to sustain
the electrochemical reaction and there is a risk that this reac-
tion will persist for several hours. Consequently, an electrical
voltage persists across the terminals of the fuel cell to the
detriment of safety. In the case of a fuel cell of the PEFC
(Polymer Electrolyte Fuel Cell) type, maintaining a voltage
without external current consumption (i.e. an open circuit
voltage) involves mechanisms that cause the membrane to be
rapidly degraded.

Patent Application WO 2005/088756 A1 describes a pro-
cedure for detecting leaks by measuring a change in pressure
during shut-down of the cell. The pressure of the system may
be varied by means of a recycling pump.

Patent Application WO 2005/078845 A2 proposes a pro-
cedure called “catalyst degradation suppressing”, for extin-
guishing a cell operating with hydrogen and air. To limit the
catalyst degradation mechanisms appearing at full potential,
the cell is shut down within a minimum time by drawing a
substantial current so as to cause a rapid drop in voltage.
During the cut-off procedure, the air feed is interrupted, while
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the hydrogen feed is maintained and the pressure appears to
be controlled by means of the current. The cut-off procedure
is designed to prevent hydrogen underfeed. A resistance is
used to consume the waste gas. This is a cut-off procedure for
an air fuel cell, the cathode circuit is vented to atmosphere
during cut-off and a hydrogen feed is maintained during
cut-off.

Patent Application WO 2006/064893 describes another
cut-oft procedure for an air fuel cell. Firstly, the hydrogen
feed is interrupted, then a current is applied and, when the
pressure drops slightly below atmospheric pressure, the
hydrogen feed is maintained so as to keep the pressure at this
level. On the cathode side, the air feed is firstly maintained so
as to allow dilution of any hydrogen leaks via the purge valve
and then it is interrupted until the oxygen is consumed. Many
arrangements are provided for preventing hydrogen leaks at
the valves. In the final embodiment presented, a complex
calculation is proposed for maximizing the cut-off current as
a function of the load capacity, the hydrogen concentration,
the oxygen concentration and the voltage distribution.
According to a comment on page 20, lines 22 to 26, all
precautions are taken to prevent the pressure from dropping
below a certain threshold as, according to this teaching, this
would be prejudicial to the ion-exchange membrane.

Patent Application DE 100 59 393 describes a cut-off
method for a fuel cell fed with pure hydrogen and pure oxy-
gen. This Patent Application describes the following
sequence: firstly the oxygen feed is cut off and then a variable
electrical load is used to draw a current that causes the hydro-
gen/oxygen reaction to continue in the fuel cell. Next, when
the oxygen pressure has dropped below a predetermined
threshold, the hydrogen and oxygen circuits are flushed with
nitrogen down to a predetermined pressure. This causes the
fuel cell to shut down. However, this solution requires a
reserve of nitrogen being available. Furthermore, the subse-
quent start-up of the fuel cell is ineluctably disturbed by the
presence of nitrogen in the gas circuits.

Patent Application WO 2006/012954 also proposes a
method of cutting off a fuel cell fed with pure hydrogen and
pure oxygen. Unlike Patent Application DE 100 59 393,
Patent Application WO 2006/012954 proposes at the end of
the cut-off phase to flush the cathode circuit with atmospheric
air (and not with inert gas), thereby benefiting from the
asphyxiating effect of the nitrogen in air without having to
have pure nitrogen and proposes to regulate the anode circuit
s0 as to bring the hydrogen pressure gradually down to a level
close to atmospheric pressure.

Although this solution does effectively achieve rapid and
controlled shut-down of the fuel cell, without having to have
recourse to a nitrogen feed, the shut-down cell is in a configu-
ration such that some water remains, especially in the cathode
circuit, which, a problem well known in fuel cells, makes it
sensitive to icing and makes start-up problematic at a tem-
perature below 0° C.

U.S. Pat. No. 6,068,942 proposes to cut off a fuel cell, fed
either with oxygen or with ambient air delivering oxygen, by
firstly interrupting the oxygen feed and then, when the oxy-
gen partial pressure is below 0.5 bar, the hydrogen feed is
interrupted. U.S. Pat. No. 4,226,919 proposes an arrangement
of pneumatic valves for ensuring that: i) the hydrogen is
introduced before the oxygen in start-up phase; ii) the oxygen
is interrupted before the hydrogen in cut-off phase; iii) the
oxygen feed is automatically interrupted should the hydrogen
pressure drop during operation; and iv) the two circuits are
flushed with hydrogen at rest.
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Patent Application US 2001/0055707 proposes a system
for purging the oxygen and hydrogen circuits with nitrogen
during the cut-off phase so as to allow storage at low tem-
perature (<0° C.).

SUMMARY OF THE INVENTION

One object of the invention is to achieve controlled and
rapid shut-down of the fuel cell, without necessarily having to
have a nitrogen feed, that is to say to stop the internal elec-
trochemical processes so that the overall voltage across the
terminals of the fuel cell effectively drops to close to zero and
so that there is no longer any consumption of gas and so that
the cell is in a state that remains favourable to subsequent
rapid start-up, even at very low temperature.

Unlike the proposals mentioned above, it is proposed here
not to compensate for gas consumption, and therefore to let
both circuits reach high partial vacuum levels. In fact, none of
the documents known from the prior art proposes exploiting
the partial vacuum appearing on cutting off a fuel cell, rather,
on the contrary, the prior art proposes to prevent the develop-
ment, or the maintaining over a significant period of time, of
a partial vacuum in the gas circuits when shutting off a fuel
cell.

One aspect of the present invention is directed to a shut-
down procedure for an electricity delivery system comprising
a fuel cell, the cell being fed with pure oxygen as oxidant and
delivering an electrical voltage to an electrical power line, the
system comprising:

a fuel gas circuit on the anode side; and

a pure oxygen circuit on the cathode side,
and the shut-down procedure comprising the steps of:

an initial step during which the oxygen gas feed is inter-

rupted; and

an electrical consumption phase during which a hold cur-

rent is drawn from the fuel cell until the pressure in the
oxygen circuit reaches the water vapour pressure.

The current drawn from the fuel cell during the cut-off
phase causes the waste gas to be consumed, thereby tending
to considerably reduce the pressure below atmospheric pres-
sure. For sufficiently sealed fuel cells, it may be advantageous
to attain, in the gas circuits of the cell, pressure levels equal to
the vapour pressure of water, i.e. for example about 0.2 bar
(absolute pressure) at 60° C. and around 0.05 bar (absolute
pressure) at 30° C.

The water present in the cell channels vaporizes, in a vapor-
ization phase, as soon as the level of partial vacuum reaches
the vapour pressure of water corresponding to the actual
temperature at the moment. It becomes easy to remove this
water from the cell by means of water separators already
present in the system. To do this, it is necessary to force the
water vapour to pass into the water separator, for example by
means of the recirculation pump already present in the sys-
tem. Consequently, the cell is prepared for remaining at high
negative temperatures without damage to the electrodes and
the membranes of the fuel cell. Vaporization of the water also
tends to guarantee that the membranes are uniformly humidi-
fied, this being conducive to good electrical performance.
Furthermore, owing to the absence of inert gas after cutting
off the fuel cell, the latter is in a configuration propitious to
rapid start-up. In addition, owing to the persistence of a mini-
mum amount of released gas (hydrogen+oxygen), the elec-
trochemical degradation mechanisms operating on the mem-
brane and the electrodes are prevented.

In practice, it is quite difficult to obtain complete consump-
tion of both gases simultaneously: with the fuel cell shut
down, there will necessarily remain a certain amount of oxy-
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gen on the cathode side or hydrogen on the anode side and no
longer able to react. It is preferable to favour excess hydrogen
(or more generally, excess fuel gas) for the following reasons:
the water to be removed is predominantly on the cathode
side, so that it is therefore preferable to consume all the
oxygen in order to guarantee vaporization of the water
thanks to a minimum pressure; and

the combination of the following three conditions: 1)

underfeed or absence of hydrogen on the anode side; 2)
presence of oxygen on the cathode side; and 3) mainte-
nance of a current, is responsible for inducing degrada-
tion mechanisms, especially rapid corrosion of the car-
bon generally used as support for the catalyst.

For this purpose, the procedure for cutting off the fuel cell
may be controlled in two ways: either the interruption of the
fuel gas feed is delayed with respect to the interrupting of the
oxygen feed, so as to guarantee that all the oxygen is con-
sumed before the fuel gas, or the pure oxygen and fuel gas
feeds are interrupted simultaneously, and preferably a purge
of'some of the oxygen to the ambient environment is effected.
It is this latter variant that will be described in greater detail
below.

In the rest of the description, the invention is illustrated by
considering a fuel cell of the type having an electrolyte in the
form of a polymer membrane (i.e. a PEFC standing for Poly-
mer Electrolyte Fuel Cell). This constitutes a favourable
embodiment for applications in transport vehicles, particu-
larly motor vehicles, but is in no way limiting. One drawback
of'the fact that the cell is not shut down immediately is that the
system for cooling the fuel cell has to be kept active for a long
time after the vehicle has been stopped, otherwise there is a
risk of hot spots injurious to the polymer membrane appear-
ing. In addition, maintaining an open-circuit voltage pro-
duces rapid degradation mechanisms in the membrane. The
shut-down procedure proposed by the present invention is
most particularly capable of eliminating these drawbacks for
this type of fuel cell.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram of the shut-down procedure for a
fuel cell fed with pure oxygen;

FIG. 2 is a diagram of an electric power production system
using a fuel cell fed with pure oxygen; and

FIG. 3 shows several timing diagrams illustrating the shut-
down of a fuel cell fed with pure oxygen.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 2 shows a fuel cell 1 of the type having an electrolyte
in the form of a polymer membrane (i.e. of the PEFC type).
The fuel cell 1 is supplied with two gases, namely the fuel
(either stored hydrogen or hydrogen generated on board the
vehicle) and the oxidant (pure oxygen), which feed the elec-
trodes of the electrochemical cells. To simplity matters, FIG.
2 shows only the elements of the gas circuits useful for under-
standing the invention.

The installation comprises a fuel gas circuit 11 on the
anode side. The figure shows a tank of pure hydrogen H,
connected to the inlet of the anode circuit of the fuel cell 1 by
means of a feed line that runs through a hydrogen feed valve
110 and then through an ejector 113. A pressure sensor 111 is
installed in the line just before the inlet into the fuel cell 1. A
recycling circuit 11R is connected to the outlet of the anode
circuit of the fuel cell 1. The ejector 113 and a recirculation
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pump 115 are used to recycle the unconsumed gas through a
water separator 114 and to mix it with the fresh gas coming
from the tank.

The installation also comprises an oxidant gas circuit 12 on
the cathode side. The figure shows a tank of pure oxygen O,
connected to the inlet of the cathode circuit of the fuel cell 1
by means of a feed line that runs through an oxygen feed valve
120 and then through an ejector 123. A pressure sensor 121 is
installed in the line just before the inlet into the fuel cell 1. A
recycling circuit 12R is connected to the outlet of the cathode
circuit of the fuel cell 1. The ejector 123 and a recirculation
pump 125 are used to recycle the unconsumed gas through a
water separator 124 and to mix it with the fresh gas coming
from the tank. Just at the gas outlet of the fuel cell 1 there is a
purge valve 122 for venting the oxygen circuit to atmosphere.

The fuel cell 1 is connected to an electric power line 10 to
which it delivers a DC electric voltage. FIG. 2 shows a switch
10A forisolating the fuel cell and an electrical load connected
to the electric power line 10. The fuel cell 1 delivers a DC
electrical current to an electric power management unit 14
(see FIG. 2). The DC electrical current delivered by the fuel
cell is measured in the electric power management unit 14.
The electric power management unit 14 is connected on one
side to a load 18 formed by the intended application, for
example an electric traction module for a motor vehicle,
essentially consisting of a DC/AC converter and an electrical
machine mechanically coupled to one or more drive wheels
(not shown) of a motor vehicle. The electric power manage-
ment unit 14 is also connected to another electrical load, such
as for example a bank of super capacitors 17.

Thus, the fuel cell 1 can deliver electricity to the intended
application (load 18) or to the bank of super capacitors 17, or
to both applications. The bank of super capacitors 17 may
receive electrical energy and store it, or it may deliver elec-
trical energy to the electric traction module (load 18). The
electric power management unit 14 regulates the circulation
of power according to the commands made by the driver of
the vehicle or according to the state of the electricity delivery
system.

Furthermore, to be able under all circumstances to draw the
hold current needed for the fuel cell cut-off procedure, a
resistor 19 associated with an electronic variator is connected
directly to the terminals of the fuel cell, i.e. upstream of the
switch 10A.

The fuel cell 1 is controlled by a control unit 15. This
control unit 15 receives information from the absolute pres-
sure sensors in the hydrogen circuit (sensor 111) and in the
oxygen circuit (sensor 121), from a device 13 for measuring
the voltage that exists in the electric power line 10 and from a
tripping member 16 (for example a contact key) for the shut-
down procedure. The control unit also controls the operation
of the various valves (110, 120, 122).

FIG. 1 illustrates the sequence of proposed operations for a
well-controlled shut-down of the fuel cell 1. The driver, via a
key or a switch, or any safety system for monitoring the
vehicle, sends a signal requesting the shut-down of the fuel
cell to the control unit 15. Upon receiving the shut-down
signal, the initial step causes the oxygen and hydrogen feed
valves to be closed. For this purpose, the control unit 15 of the
fuel cell 1 sends an electrical signal for closing the oxygen
feed valve 120 and for closing the hydrogen feed valve 110.
FIG. 1 illustrates one particular procedure for controlling the
shut-down of a fuel cell fed with pure oxygen, in accordance
with the invention, the “O,+H, shut-down” action represent-
ing this initial step.

The control unit 15 of the fuel cell 1 checks that a small
current [s, but one which is sufficient to consume the gas
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remaining in the channels of the cell, is established, this being
represented by the “establish Is” block in FIG. 1. As it is
possible for the load 18 and the bank of super capacitors 17
not to be able to absorb a current, the control unit 15 controls
the electronic contactor of the resistor 19 so as to be certain
that the current Is required by the cut-off procedure can
always be absorbed. Optionally, the current Is may be
adjusted according to the state of the cell (temperature, volt-
age distribution between all the cell elements, etc.). The use of
this current Is will be described later.

The pressure will tend towards the temperature-dependent
pressure of water vapour. By means of appropriate construc-
tional measures, such as the use of metal bipolar plates, the
sealing of a fuel cell is excellent and it is possible to achieve
pressure levels of around 200 mbar at 60° C., i.e. 50 mbar at
30° C.

To guarantee a slight excess of hydrogen at the end of the
cut-oft procedure, the control unit 15 of the fuel cell causes
the O, purge valve to open, represented by the “open O,
purge” action. When the pressure in the cathode circuit
reaches a level S, determined so as to guarantee that all the
oxygen is consumed before the hydrogen, the control unit 15
causes the O, purge valve to close, represented by the “close
O, purge” action.

Finally, when the voltage V across the terminals of the fuel
cellis below said threshold V,,,,,, the control unit 15 of the fuel
cell 1 executes the final step: the delivered current drawn from
the cell is interrupted. When the cell voltage has dropped to a
sufficiently low level, the cell may be considered to be shut
down.

Preferably, resistors (not shown, for example of 50 ohms)
are permanently connected to each cell element or group of
two or three cell elements of the fuel cell so as to consume,
without fail, the possible gas residues and prevent the voltage
from rising after cut-off.

Another advantage of the shut-down procedure proposed
by the invention is that the fuel cell when shut off is in a
configuration propitious for rapid start-up.

The curves in FIG. 3 illustrate the variation of a few param-
eters while the fuel cell 1 is being cut oft using this procedure.
The order to start the shut-down procedure occurs at t,, (initial
step). The first two curves illustrate the variation of the pres-
sure in the anode circuit and in the cathode circuit respec-
tively. The fourth curve indicates that a current of value Is is
drawn from the cell after a certain instant and persists up to t,
(final step) at which moment the cut-off procedure is com-
plete. At time t,, the third curve indicates that the purge valve
of'the cathode circuit is open and remains so until the pressure
in the cathode circuit—second curve—reaches the threshold
Satt,;. Beyondt,, the two circuits are closed and the reduction
in gas pressure is solely due to the fact that an electrical
current continues to be absorbed.

If the volume of the anode circuit and that of the cathode
circuit are identical, taking into account the stoichiometric
relationship, the gas consumption is about twice as high on
the hydrogen side. The oxygen pressure (second curve giving
P(O,)) becomes below atmospheric pressure at time t,. The
hydrogen pressure (first curve giving P(H,)) becomes below
atmospheric pressure at time t5.

The threshold S defining the residual pressure in the cath-
ode circuit after the purge (time t,) is defined so that the
oxygen is completely consumed before the hydrogen, so as to
avoid conditions whereby current is drawn simultaneously
with a hydrogen underfeed, resulting in corrosion of the car-
bon used as support for the catalyst associated with the poly-
mer membranes. At time t,, the oxygen is completely con-
sumed and the residual pressure in the cathode circuit
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corresponds to the pressure of water vapour. The voltage
present on the fuel cell (fifth curve, giving the voltage of the
fuel cell) is then close to zero, the cell being considered cut
off. There then follows a drying phase, between times t, and
t5, during which the water present in vapour form in the
cathode circuit can be easily removed, for example by starting
the recirculation pump so as to promote condensation of the
water vapour in the water separator present in the recircula-
tion line.

Preferably, if required, so that the vehicle is stopped with a
maximum reserve of electrical energy in the bank of super
capacitors, after the shut-down member has been activated
and before the oxygen and hydrogen feed valves are closed, a
check is made of the level of charge of the electrical energy
storage device and, provided that this is below a high thresh-
old, the cell is kept in operation and the energy management
unit is switched to a recharge mode, for recharging the elec-
trical energy storage device, then, when the level of charge is
equal to or above said high threshold, the oxygen and hydro-
gen feed valves are closed. This is very useful when the
vehicle is subsequently restarted.

The invention claimed is:

1. A shut-down procedure for an electricity delivery system
comprising a fuel cell, the fuel cell being fed with pure oxy-
gen as oxidant from a pure oxygen circuit on the cathode side
and hydrogen from a fuel gas circuit on the anode side and
delivering an electrical voltage to an electrical power line, the
shut-down procedure comprising:

an initial step during which the oxygen gas feed is inter-

rupted;
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an electrical consumption phase during which a hold cur-
rent is drawn from the fuel cell until the pressure in the
oxygen circuit is reduced to the vapor pressure of water
at the temperature of the fuel cell; and

a vaporization phase during which water present in chan-

nels of the fuel cell is vaporized by pressure reduction
produced in the electrical consumption phase.

2. The shut-down procedure according to claim 1, wherein
an interruption of the fuel gas feed is delayed relative to the
interrupting of the oxygen feed so as to guarantee that all of
the oxygen is consumed before the fuel gas.

3. The shut-down procedure according to claim 1, the fuel
cell comprises an electrolyte including a polymer membrane.

4. The shut-down procedure according to claim 1, per-
formed for a system installed in a vehicle.

5. The shut-down procedure according to claim 1, wherein
the pure oxygen and fuel gas feeds are interrupted simulta-
neously.

6. The shut-down procedure according to claim 5,

wherein the pure oxygen circuit on the cathode side is

vented to atmosphere, and

wherein the procedure, at the start of the electrical con-

sumption phase, brings the oxygen circuit into commu-
nication with the atmosphere or with an inert gas, until
the pressure in the oxygen circuit drops to a predeter-
mined pressure S above atmospheric pressure, guaran-
teeing that all the oxygen is consumed before the hydro-
gen.



